Abstract-This paper presents a model for evaluating the effect of background radiation such as reflected sun light on a free-space optical link that employs the beam divergence of an inexpensive laser for ground sensor-to-unmanned aerial vehicle applications.
I. INTRODUCTION
Free-space optical (FSO) communication is a license-free and cost-effective method for many applications. It can provide higher data rates with excellent security for short-range communications from a few hundred meters to a few kilometers. In this paper, we focus our study on FSO links from ground sensors to unmanned aerial vehicle (UAV) in daytime. For eye-safety requirement, these FSO links operate in the visible spectrum (380 -750 nm, blue = 440 nm, green = 500 nm, yellow = 580 nm, red = 680 nm). A performance-limiting factor is the background radiation such as sun light in daytime operation.
The sensor transmitter employs the untruncated beam of an inexpensive laser. The UAV employs a receiver with an optical antenna. For reflected sun light as background radiation, we use the data in [1] , [2] to carry out the link analysis and establish the upper bound for the data rate. In Section II, we discuss the link model for evaluating the power spectral density of the background radiation and the received signal-tonoise ratio. We also present the numerical results for daytime operation with reflected sun light, and Section III concludes the paper.
II. LINK ANALYSIS
In this section, we discuss the beam divergence of a laser at the ground sensor, the optical antenna at the receiver and the model for evaluating the power spectral density of background radiation at the UAV receiver. The link analysis estimates the received optical power P r given the transmit optical power P t , the distance between the transmitter and receiver d, the optical signal wavelength λ, the transmit gain G t of the untruncated laser beam, and the received optical antenna gain G r . The link analysis also calculates the power spectrum of the background radiation. Afterwards, the received signal-to-noise ratio (SNR) can then be established.
A. Received Power
The on-axis transmit gain G t of an untruncated laser beam can be calculated via the following expression [3] , [4] :
where ω 0 is the radius of the optical beam waist and is typically a few millimeters. The transmit optical gain G t can also be expressed in term of the optical beam divergence angle θ in the far field for an untruncated laser beam as follows:
where the half-angle θ/2 is defined as the angle from the optical axis to the 1/e 2 intensity points of a Gaussian beam, and D t is the diameter of the aperture of the transmit circular lens antenna.
The receive optical antenna gain G r for a circular aperture of diameter D r and antenna efficiency η r is given by the following expression:
For a Cassegrain receive optical antenna with primary mirror diameter D r = 2a and secondary mirror diameter d r = 2b, the antenna efficiency is given by [4] as η r = 1 − b 2 /a 2 . The received optical power is given by where η is the combined transmitter and receiver optics efficiency, L a is the atmospheric loss, L p is the pointing loss and L fs is the free space loss given by Friis formula as follows:
B. Link Model
At distance d from the transmitter, the diameter of the beam in term of the transmit beam divergence is
The receive antenna of diameter D r captures approximately (D r /D div ) 2 ≤ 1 of the incident power (1/e 2 intensity points); thus, the efficiency can be approximated as
Using the results from (1) to (3) and (5) to (7), the received optical power given by (4), which is the received efficiency, is calculated by βP r as follows:
Let E b , R b and N 0 denote the bit energy (J), bit rate of the FSO signal (bps), and the power spectrum of the background radiation (W/Hz), respectively. The required signal − to − noise ratio per bit of the FSO signal is given by
This yields the upper bound on the bit rate − distance 4 product R b d 4 as follows:
C. Reflected Sun Light
In this section, we use the data in [1] , [2] for our case study. To evaluate (10), we need to know the power spectrum of the reflected sun light, which we can calculate based on the spectral radiance. The power spectral density of the background radiation in W/m at the receive optical antenna of diameter D r is given by [5] 
where A B is the area of the black body seen by the optical antenna, and I λ is the spectral radiance of a black body measured in watts (W ) emitted per unit area in square meters (m 2 ) per unit solid angle in square radian or steradian (sr) 
The power spectral density of the background radiation in W/Hz instead of W/m in (12) at the receive optical antenna of diameter D r is given by [6] 
where c is the speed of light. Note that the receiver FOV planar angle can be approximated as
where D spot is the diameter of the observation spot on the ground. Hence,
Substituting (14) into (10), we have the following upper bound for bit rate − distance
The spectral radiance I λ of the reflected sun light is a quantity that can only be measured. At best, it is estimated because it varies a great deal due to the atmospheric absorption and the reflection from the earth surface. We use Planck law in our case study with an empirical scaling constant α ref < 1. The spectral radiance of the reflected sun light via Planck law is given by
where T s = 5900K is the sun temperature, h = 6.6262x10
Js is Planck constant, and the Boltzmann constant is k = 1.3807x10 −23 J/K. Using the data in [1] , [2] , [6] , we came up with the empirical scaling constant α ref = 10 −5 . For the case study, the results calculated using (15) are given in Table  I . With inexpensive and low power laser, we can achieve 4.4 Gb/s and 22 Gb/s at 1km with 10 mW and 50 mW transmitted powers, respectively. For the same power, we can achieve 1.1 Gb/s and 5.5 Gb/s at 2 km. For all the above four cases, we increase the diameter of the receiver FOV D spot by a factor of 10; hence, the bit rates drop by a factor of 10 since more reflected sun light is detected by the optical detector. The results are compiled in Table I . 
III. CONCLUSION
In this paper, we present an empirical formula for the bit rate − distance 2 product of an FSO link from ground sensor to UAV in the visible spectrum. The transmitter is assumed to employ an inexpensive laser with a circular lens antenna to produce an untruncated laser beam to the UAV receiver. The background radiation is the reflected sun light, which is estimated from the measured data in [1] , [2] , [6] . For short distance communications, we show that the FSO link is capable to produce bit rates in the Gb/s at high signal-to-noise ratio suitable for direct detection receivers using OOK or PPM signaling.
